The availability of fresh water and the quality of aquatic ecosystems are important 12 global concerns, and agriculture plays a major role. Consumers and manufacturers are 13 increasingly sensitive to sustainability issues related to processed food products and drinks. The 14 present study examines the production of sugar from the growing cycle through to processing to 15 the factory gate, and identifies the potential impacts on water scarcity and quality and the ways 16 in which the impact of water use can be minimised. We have reviewed the production phases 17 and processing steps, and how calculations of water use can be complicated, or in some cases 18 how assessments can be relatively straightforward. Finally, we outline several ways that 19 growers and sugar processors are improving the efficiency of water use and reducing 20 environmental impact, and where further advances can be made. This provides a template for 21 the assessment of other crops. 22
INTRODUCTION 24
lack of water for agriculture, domestic and other uses can adversely impact on social 30 requirements, in part through effects on the economy at a local to a global scale. The challenge 31 of meeting the increasing global demand for food could result in significantly increased 32 environmental impacts, however adoption of technologies to increase production and reduce 33 environmental impacts may allow "sustainable intensification".
34
The impacts of water use in the supply-chain have often been overlooked but are 35 increasingly subject to scrutiny by government, business and society. Consequently, food and 36 drink companies are changing the way they address water and are increasingly seeking to 37 promote sustainable water management outside their fence-lines to reduce and mitigate water-38 related risks and impacts from raw material production through processing to the final product 39 particularly in processed food and drink manufacture. 40
The present study examines sugar from both cane and beet from the growing cycle 41 through to processing to the factory gate, and identifies how much water is consumed and 42 polluted and the ways in which the impact of water use can be minimised. Sugar provides a 43 useful model crop to investigate water sustainability in crop and food production. Sugar is a 44 major food ingredient, used in a range of processed foods and global sugar production is 45 estimated at 175 million metric tonnes.
3 It is grown on over 30 million hectares 4 in a range of 46 climatic zones which include both rain-fed and irrigated crops. Approximately 85% is derived 47 4 conditions such as the UK; 9, 10 Water is important to sugar processing. In some sugar beet factories, beet roots are 127 washed and moved by water flume to the slicer for making cossettes, which are then hot-water 128 extracted. Cane is also washed to remove soil before shredding and crushing. The extracted raw 129 juice is clarified and filtered, and this 'thin juice' is then heated and evaporated to remove more 130 water to create 'thick juice'. The final heating and evaporation leads to the formation of sugar 131 crystals, which are centrifuged out of solution and collected. The extracted crystals are given a 132 final wash with clean water to remove any discoloration. The volume of freshwater withdrawn 133 per ton of sugar produced depends on the degree of recycling of water within the facility 24 and 134 the refining process 25 and can vary widely from one facility to another. For example, 135
Ramjeawon 24 Error! Bookmark not defined. found that freshwater input ranged from 1.8 to 136 12.6 m 3 t -1 cane for six facilities in Mauritius. However, a large volume of water is contained in 137 the fresh beet and cane which is removed during processing, so the net water consumption can 138 be small or even negative. Cid Quintas 26 estimated the water consumption of a cane mill in 139
Swaziland to be 0.9 m 3 t -1 sugar, whereas Nieto-Sandoval 27 showed that a cane facility in 140
Tanzania produced a net excess of 4 m 3 t -1 sugar. Similarly, DeLorey 28 showed that, without 141 recycling, a sugar beet facility in Idaho (USA) excess water produced by the facility was more 142 than 10 times the freshwater input. Thaler et al. 29 estimated that 8% of the total water 143 6 consumption in European sugar production (beet) was in the processing phase. In terms of total 144 volumes of water consumed therefore, the processing phase is almost negligible compared to 145 the agricultural phase 5 . 146
The net water consumption can be expressed as a volume of water per unit output. In 147 addition to sugar, there are several co-products -including bagasse, filter cake and molasses 148 from cane and beet pulp -that have an economic value. Therefore the total water consumption 149 must be allocated between the products according to their relative mass or values. The blue water consumed comes from different sources; from different locations around 156 the world and at different times (seasons) and the total water consumption does not distinguish 157 between the impacts associated with these different sources. For example, 1 m 3 of water 158
withdrawn from a water-stressed catchment is likely to have a significantly higher impact on 159 other water users than an equivalent volume taken from a catchment where water is abundant. It 160 is therefore critical that the blue water consumption is put into the context of water availability 161 in the place of withdrawal. Gerbens-Leenes and Hoekstra 5 compared the blue water 162 consumption for sugar beet and cane with water resource availability in the region of 163 production. They identified three "hotspots" where large scale sugar production is taking place 164 in river basins experiencing water stress; The Dnieper basin (Ukraine, beet) and the Indus and 165
Ganges basins (India and Pakistan, cane). 166
Whereas "hotspot" mapping is essentially a qualitative process, the blue water 167 Hence, most factories treat water before discharge into water courses. 197
Accounting for water quality and related impacts on water resources is arguably even 198 more complex and problematic than for water quantity due to many factors. 
MITIGATING THE IMPACT OF WATER USE 216
It is important that all stages and their water use are properly considered to determine 217 how the impact can be reduced. There are significant opportunities to reduce the negative 218 impacts of the sugar crop cultivation which could also provide economic benefits for farmers 219 through cost savings from more efficient resource use without necessarily implying reduced 220 productivity and profits. 221
The volume of water consumed per unit output of sugar can be reduced by (i) increasing 222 the output per unit of water or (ii) reducing the non-productive water losses. 223 (i) Increased output per unit of water consumed. At the biological level, because of the 224 linear relationship between water consumption and dry matter production, a shift in WUE is 225 difficult to achieve. Thus, within a particular environment, in well-managed crops that are 226 performing near the biological optimum, improvements in WUE will probably be small. There 227 is evidence that small but significant differences in WUE exist between sugar cane and beet 228 varieties, 46,47 although more work is needed to enable breeders to identify and select water 229 efficient types in their breeding programmes. Careful management of irrigation has the potential 230 9 to save water in water stressed areas by matching the timing of irrigation to plant requirements. 231
Controlled deficit irrigation at certain growth stages has been shown to increase irrigation water 232 use efficiency in both beet [48] [49] [50] and cane crops. (ii) Reducing the non-productive water losses. Considering the denominator of the 239 WUE ratio, water often can be managed in a way that reduces consumption without diminishing 240 yield or farm profits. Crops that are slow to develop because of nutrient deficiencies, or when 241 poor establishment leads to crop stands that are too sparse, greater soil surface is exposed to 242 evaporation. 52, 53 This water loss does not benefit the growth of the crop, but nevertheless is 243 counted as removal from the system. 244
Where crops are irrigated, water savings can be made by techniques including: 245 improved methods of irrigation that deliver water to the roots of the plant with the minimum of 246 loss and irrigation water delivery systems that reduce leaks and surface evaporation from canals 247 and furrows. 54 The use of drip irrigation systems in place of furrow irrigation has been shown to 248 deliver increased irrigation water use efficiency 55 and water savings of 40 -50%. 56 The 249 combination of drip irrigation with controlled deficit irrigation was shown to result in 25% 250
water savings compared to sprinkler irrigation in irrigated sugar beet in Italy. 57 
251
Improved soil management, in conservation agriculture, such as using mulch cover or 252 minimum or no tillage techniques, can reduce the need for supplementary irrigation by 253 encouraging deep rooting and increasing the water holding capacity of the soil, reducing water 254 losses through soil evaporation and making more soil water available to the crop. However, it is critical that the quality of the water does not result in adverse impacts on product 276 quality or damage to the crop. For example, irrigation with cane effluent at high concentrations 277 was found to suppress germination of peas.
67 Therefore water re-use is easier if wastewater 278 streams with different water qualities are kept separate. 279
A range of techniques is available for treating sugar mill effluents, including the 280 treatment of mill sludge with micro-organisms that accelerate the rate of decomposition 68 and 281 constructed wetlands. 69 Treatment in an open fermentation chamber decreased wastewater COD 282 by 82% in three days in a Polish sugar beet factory. 39 Zero pollution has been achieved in some 283
Indian sugar mills by totally recycling treated effluents as make-up water for cooling towers and 284 spray ponds. Although sugar production from beet has remained static, global production of sugar 287 from cane has increased steadily over the past 50 years. 4 Rising population, changing dietary 288 11 preferences and increasing use of sugar for ethanol production will mean that global demand for 289 sugar is likely to continue to increase and there will be a need to produce more sugar whilst 290 reducing the environmental impacts of production. Recent international initiatives point at the 291 need for decoupling economic growth from water use and environmental impacts. 34 The case 292 study of sugar in this paper provides some evidence of the need for and feasibility of decoupling 293 from a practical perspective. 294
The cultivation and processing of cane and beet to produce sugar can impact the local 295 water environment through depletion of water resources and degradation of water quality. The 296 largest potential impact on water resources is associated with the growing stage especially 297 where the crop is irrigated in river basins that experience high water scarcity. The net volume of 298 blue water consumed in the production of agricultural inputs, the processing of sugar and 299 transport is very small in comparison (<0.5% on average), but varies according to the 300 processing technology used and the degree of recycling. In some cases sugar processing 301 facilities may even be net water producers where the volume of water extracted from the crop 302 exceeds the loss of water due to evaporation. 303
There is significant potential to increase the productivity of water use in sugar crop 304 production by increasing the productivity of the crop. Plant breeding for water use efficiency 305 and drought tolerance can increase yield without increasing water use, whilst good agricultural 306 practices -including soil, water and nutrient management as well as pest and disease control -307 can help to close the gap between actual and potential yields; reduce the water use per unit of 308 output; and reduce crop losses. The WUE of cane and beet are conservative and, due to the 309 climatic requirements of the two crops, they generally cannot be substituted in the same region, 310 however, the WUE could be increased (by plant breeding) and good irrigation water 311 management can reduce the non-productive water losses and therefore the volume of water 312 withdrawn per unit of production. Comparisons of total water consumption are potentially 313 misleading and it is important to separate green water consumption (with little impact) and blue 314 water consumption. Even so, the greatest impact on water resources is not necessarily associated 315 with the greatest blue water consumption, and local water scarcity and potential impacts on 316 livelihoods must be considered. 317 
